Purpose. Hydroxylation of the antidepressant and smoking deterrent drug bupropion is a clinically important bioactivation and elimination pathway. Bupropion hydroxylation is catalyzed selectively by cytochrome P4502B6 (CYP2B6). CYP2B6-catalyzed bupropion hydroxylation has been used as an in vitro and in vivo phenotypic probe for CYP2B6 activity and CYP2B6 drug interactions. Bupropion is chiral, used clinically as a racemate, and disposition is stereoselective. Nevertheless, it is unknown whether CYP2B6-catalyzed bupropion hydroxylation is stereoselective. Methods. Hydroxylation of racemic bupropion by recombinant CYP2B6 and human liver microsomes was evaluated using a stereoselective assay. Results. At therapeutic concentrations, hydroxylation of (S)-bupropion was threefold and 1.5-greater than (R)-bupropion, respectively, by recombinant CYP2B6 and human liver microsomes. In vitro intrinsic clearances were likewise different for bupropion enantiomers.
INTRODUCTION
The antidepressant and smoking cessation drug bupropion ( Fig. 1 ) is extensively metabolized, primarily via t-butylhydroxylation to hydroxybupropion, and non-P450-dependent reduction to erythro-and threohydrobupropion (1) . Hydroxybupropion is an active metabolite which contributes to the antidepressant effect of the parent drug (2, 3) . Hydroxybupropion has a longer elimination half-life than the parent drug, peak cerebrospinal fluid and plasma concentrations exceed those of bupropion by four-to sevenfold, and the plasma metabolite/parent area under the curve ratio is approximately ten or greater after a single dose (4, 5) .
Bupropion is used clinically as a racemate. Hydroxylation of the enantiomers results in the creation of a second chiral center, hence there is the potential for four diastereomeric hydroxylated metabolites (6) . Nonetheless, only (S,S)-and (R-R)-hydroxybupropion have been found in plasma in humans, presumably due to steric hindrance precluding formation of (R,S) and (S,R)-hydroxybupropion. The hydroxybupropion enantiomers differ significantly in their pharmacologic effects. For example, (S,S)-hydroxybupropion was orders of magnitude more potent than (R,R)-hydroxybupropion in a mouse depression model and in antagonism of acute nicotine effects in mice, and as an inhibitor of monoamine uptake and nicotinic acetylcholine receptor antagonism. The affinity of (S,S)-hydroxybupropion at the dopamine transporter comparable to that of bupropion (2, 3) .
Clinical bupropion disposition is stereoselective. Plasma concentrations of (R,R)-hydroxybupropion are approximately 20-fold greater than (S,S)-hydroxybupropion (6) (7) (8) . In contrast, plasma concentrations of (R)-bupropion are only about twofold greater than those of (S)-bupropion (8) .
Several investigations have established that racemic bupropion hydroxylation is catalyzed exclusively by recombinant and human liver microsomal CYP2B6 (9-11). CYP2B6 genetic polymorphisms have been reported to affect the anti-smoking efficacy of bupropion (12) . Hence CYP2B6-catalyzed bupropion hydroxylation is a clinically important bioactivation and elimination pathway.
CYP2B6 catalyzes the inactivation of a diverse array of therapeutic drugs such as methadone, bupropion, meperidine, propofol, efavirenz, ketamine, and tamoxifen, and the bioactivation of cyclophosphamide. It also metabolizes drugs of abuse such as nicotine, ecstasy, and phencyclidine (12) (13) (14) (15) (16) (17) . CYP2B6 metabolizes as much as 8% of drugs (18) . CYP2B6 exhibits interindividual variability in expression and activity (19) , and is susceptible to induction and inhibition (14, (20) (21) (22) (23) . Bupropion hydroxylation, catalyzed exclusively by CYP2B6, has been used as an in vitro probe to determine CYP2B6 constitutive activity, the influence of genetic polymorphisms, and drug interactions (23) (24) (25) (26) (27) . Clinically, bupropion clearance or hydroxylation have been used as in vivo probes for CYP2B6 activity and drug interactions, and the phenotypic effects of CYP2B6 polymorphisms (4, 22, 27, 28) .
The mechanism of stereoselective bupropion disposition in humans is unknown. It is unknown if stereoselectivity in plasma (R,R)-and (S,S)-hydroxybupropion concentrations arises from differences in diastereomer formation. The purpose of this investigation was to test the hypothesis that bupropion hydroxylation by CYP2B6 is stereoselective.
MATERIALS AND METHODS
Chemicals and Reagents. The internal standards bupropion-d 9 and hydroxybupropion-d 6 were purchased from Toronto Research Chemicals (Ontario, Canada). Hydroxybupropion and CYP2B6 with coexpressed NADPH-P450 oxidoreductaase and cytochrome b 5 were purchased from BD Biosciences (San Jose, CA). Human liver microsomes were obtained as described previously (29) . Bupropion and all other reagents were ACS grade or reagent grade and purchased from Sigma Chemical Co. (St. Louis, MO).
Enzyme Incubations. Incubation mixtures consisted of 0.5 mg/ml protein (HLM) or 2 pmol/ml CYP2B6, racemic bupropion or hydroxybupropion, and an NADPH regenerating system (3 mM MgCl 2 , 1 mM EDTA, 1 mM NADP, 5 mM glucose-6-phosphate, 1 U/ml glucose-6-phosphate dehydrogenase, preincubated at 37°C for 10 min) in 200 μl 50 mM potassium phosphate buffer (pH 7.4), performed in 96 well plates. Reactions (37°C) were initiated by adding the NADPH-generating system and terminated by adding 200 μl of ice-cold acetonitrile internal standard mixture (2.5 ng/ml each hydroxybupropion-d 6 enantiomer). Mixtures were then vortexed and centrifuged. The supernatant was transferred to a clean plate and concentrated under nitrogen for 20 min at 37°C. The concentrated solution was transferred to an autosampler plate and 50 μl was injected for LC/MS/MS analysis of hydroxybupropion. To determine linearity, CYP2B6 incubations were evaluated at 2 and 80 μM racemic bupropion and samples removed at 5, 10, 15, and 20 min for analysis. To evaluate potential further metabolism, hydroxybupropion was incubated for 0, 10, and 20 min with CYP2B6 or human liver microsomes and then quantified. Substrate saturation curves with CYP2B6 and HLM were evaluated using 2, 5, 10, 25, 50, 75, 100, 150, 250, 500, 750, 1000 μM racemic bupropion and 20 min incubations.
Clinical protocol. Plasma and urine concentrations of bupropion and hydroxybupropion isomers were determined in a subject who received 150 mg oral immediate release racemic bupropion. The protocol was approved by the Washington University Institutional Review Board and performed after obtaining written consent from the subject. Venous blood samples and urine were obtained for 48 h. Plasma and urine was stored at −20°C prior to analysis.
Plasma concentrations of bupropion enantiomers and (R,R)-and (S,S)-hydroxybupropion were determined using a validated LC-MS/MS assay (8).
Analytical Methods. LC/MS/MS analysis of bupropion and hydroxybupropion in incubations was performed on an Applied Biosystems 4000 QTRAP triple-quadrupole mass spectrometer (Applied Biosystems/MDS Sciex, Foster City, CA) and a Shimadzu integrated LC system (Shimadzu, Columbia, MD) with a chiral α 1 -acid glycoprotein column (100×2 mm, 5 μm) and chiral guard cartridge (ChromTech, Apple Valley, MN), as described previously for plasma (8) .
Mobile phase A was 20 mM formate buffer, pH 5.7 and mobile phase B was methanol. Mobile phase was delivered at a flow rate of 0.22 ml/min with the following program: 10% B for 0.5 min, linear gradient to 30% B between 0.5 and 1.0 min, held at 30% until 5 min, linear gradient to 50% until 8 min, held at 50% B until 15 min, then re-equilibrated to initial conditions between 15 and 20 min. Under these conditions, retention times for R-and S-bupropion were 8.4 and 10.1 min, and those for (S,S)-and (R,R)-hydroxybupropion were 9.3 and 13.9 min, respectively, from extracted plasma. In incubation samples, retention times for R-and S-bupropion were 4.9 and 6.0 min, and those for (S,S)-and (R,R)-hydroxybupropion were 5.3 and 8.8 min, respectively. The final sample solvent was different for plasma and enzyme incubations samples, resulting in different retention times for the two assays. To verify that sample solvent did not affect elution order, a plasma sample with an excess of Rbupropion and (R,R)-hydroxybupropion (the first bupropion peak and the second hydroxybupropion peak) was extracted in duplicate by the described solid phase extraction method. To one sample was added 2 M ammonium formate as described in the plasma assay. The other sample was dried and reconstituted in 200 μL water and 200 μL acetonitrile. The sample was then dried again for 20 min as described in the incubation assay. Both samples had the same elution order: the first bupropion peak and the second hydroxybupropion peak had the highest area, indicating that the analyte elution order was the same regardless of the sample solvent.
DATA ANALYSIS
Results are expressed as the mean±SD, unless otherwise noted. Velocity vs substrate concentration data were analyzed by non-weighted non-linear regression analysis (SigmaPlot 9.01, Systat, Point Richmond, CA) using a simple Michaelis-Menten model. Results are expressed as the parameter estimate±SE of the estimate.
RESULTS
Identification of Enantiomer Elution. The chromatographic elution order of R-and S-bupropion enantiomers has not been reported. Chiral HPLC assays did not identify R or S-bupropion (7, 30) . Furthermore, although two of the four possible hydroxybupropion diastereomers (S,S-and R,R-) have been identified in plasma (6,7), the bupropion enantiomers from which these metabolites arise have not been identified. Initial experiments identified the HPLC elution order of the bupropion enantiomers and the enantiomeric origin of hydroxybupropion metabolites. Hydroxybupropion peaks at 9.3 and 13.5 min were identified as (S,S)-and (R,R)-, respectively, based on the analysis of patient plasma samples (vide infra), where (R,R)-hydroxybupropion has been previously identified as the most abundant diastereomer (6, 7) . Small quantities of R-and S-bupropion enantiomers (separated by semi-preparative HPLC and >95% enantiomerically pure; Fig. 2A resulted primarily in R,R-hydroxybupropion ( Fig. 2A,C and E), while incubation of the enantiomer at 9 min resulted primarily in S,S-hydroxybupropion ( Fig. 2B and F) . Based on these results, the first and second bupropion peaks were assigned as R-and S-bupropion, respectively. Although partial racemization of bupropion occurred during the incubation ( Fig. 2C and D) , this did not preclude enantiomeric identification.
Bupropion Enantiomers Metabolism by CYP2B6. Racemic bupropion was incubated with CYP2B6 at both therapeutic concentrations and at the reported K m for racemic bupropion metabolism (2 and 80 μM, respectively; 31). Hydroxylation of both enantiomers was linear with time for at least 20 min (not shown). The rate of (S,S)-hydroxybupropion formation was approximately threefold greater than that of (R,R)-hydroxybupropion. To evaluate the possibility of further hydroxybupropion enantiomers metabolism at differential rates, as an explanation for this difference, racemic hydroxybupropion was incubated with CYP2B6 (and also with microsomes three different human livers; Fig. 3 ). There was no decrease in hydroxybupropion concentration, eliminating further metabolism of this metabolite by CYP2B6 under these conditions. Concentration-dependent metabolism of racemic bupropion by recombinant CYP2B6 is shown in Fig. 4A . Eadie-Hofstee plots were linear (not shown), therefore data were analyzed using a single enzyme model. Kinetic parameters are listed in Table I . The V max and intrinsic clearance for S-bupropion hydroxylation were twoto threefold greater than those of R-bupropion.
Bupropion Enantiomers Metabolism by Human Liver
Microsomes. Rates of bupropion hydroxylation in three different human liver microsomes varied substantially (Table II) . Nonetheless, all showed the same enantioselectivity, with the rate of (S,S)-hydroxybupropion formation 1.5-fold greater than that of (R,R)-hydroxybupropion. Concentration-dependent metabolism of racemic bupropion by human liver microsomes is shown in Fig. 4 Band C. Kinetic parameters are listed in Table III . The V max and intrinsic clearance for S-bupropion hydroxylation were twofold greater than those of R-bupropion.
Stereoselective Human Disposition of Bupropion and Hydroxybupropion. Fig. 5 presents plasma bupropion and hydroxybupropion concentrations from a subject who received 150 mg oral immediate release racemic bupropion. There was an enantiomeric excess of both (R)-bupropion (64% of total bupropion) and (R,R)-hydroxybupropion (94% of total hydroxybupropion). In urine, (R)-bupropion and (R,R)-hydroxybupropion were 76-78% of the total (not shown). Results are consistent with a previous report (8) . . Substrate saturation curve for racemic bupropion hydroxylation. Hydroxybupropion (filled diamonds: S,S-hydroxybupropion, filled triangles: R,R-hydroxybupropion, filled circles: total hydroxybupropion) was quantified using a chiral assay. Each data point is the mean±SD (n=3). Lines are rates predicted from parameters determined by nonlinear regression analysis of hydroxybupropion formation. A metabolism by recombinant CYP2B6, B and C metabolism by HLM 158 and 167, respectively. 
DISCUSSION
This investigation demonstrates that bupropion hydroxylation catalyzed by CYP2B6 and human liver microsomes is stereoselective. CYP2B6 hydroxylates both (S)-and (R)-bupropion. From racemic bupropion, (S)-bupropion was metabolized at more than three times the rate of (R)-, both at therapeutic concentrations and based on the in vitro intrinsic clearance. In human liver microsomes, with racemic bupropion, (S,S)-hydroxybupropion concentrations were generally 1.5-fold those of (R,R)-hydroxybupropion. Apparent stereoselectivity in hydroxybupropion formation was not explained by further stereoselective metabolism of hydroxybupropion enantiomers.
Metabolism of both bupropion enantiomers by CYP2B6 creates the potential for a enantiomeric metabolic interaction, as has been described previously for other CYP2B6 substrates (17) . A preliminary experiment suggested that the rate of enantiopure R-bupropion hydroxylation was approximately twice that of equimolar R-bupropion in the racemate (not shown). Since bupropion is only administered as a racemate, this potential interaction is of unknown importance.
The mechanism of stereoselective bupropion and hydroxybupropion disposition clinically is unknown. (R,R)-hydroxybupropion plasma concentrations are approximately 20-fold greater than those of (S,S)-hydroxybupropion after immediate-release oral racemic bupropion (6) (7) (8) . Possible explanations include differences in bupropion enantiomer concentrations, stereoselective bupropion hydroxylation, or stereoselective hydroxybupropion metabolism and/or elimination. Nonetheless, (R)-bupropion plasma concentrations are only about twofold greater than those of (S)-bupropion. Stereoselective metabolism of hydroxybupropion enantiomers is unlikely, since no hydroxybupropion metabolism was evidenced in vitro in this investigation, and no further oxidative or reductive metabolite of hydroxybupropion was identified in vivo (32) . Somewhat (approximately twofold) faster plasma elimination of (R,R)-vs (S,S)-hydroxybupropion has been observed clinically (7, 8) , but this is insufficient to explain the substantial difference between hydroxybupropion diastereomer plasma concentrations. The present results show that greater (R,R)-hydroxybupropion plasma concentrations cannot be explained by greater R-bupropion metabolism. Indeed, mildly stereoselective (S)-bupropion hydroxylation and (S,S)-hydroxybupropion formation in human liver microsomes stand in contrast to 20-fold greater (R,R)-than (S,S)-hydroxybupropion plasma concentrations. Clinical studies are needed to better understand stereoselective bupropion metabolism and disposition.
Stereoselectivity in bupropion metabolism has not been previously addressed, perhaps because racemization was thought to obviate potential implications of bupropion chirality. Bupropion enantiomers rapidly (42, 62, and >94% in 2, 4, and 24 h, respectively) racemize in phosphate buffer (pH 7.4; 33). Hydroxybupropion also racemizes under similar conditions, albeit much more slowly (0.1 and 2% in 2 and 24 h, respectively; 33). Despite the potential for racemization, there was clear enantiomeric excess in plasma and urine of (R)-bupropion, and more notably (R,R)-hydroxybupropion, even after administration of the racemate. As yet unidentified factors may retard racemization in vivo compared with in vitro rates.
Stereoselective bupropion hydroxylation may have implications for the therapeutic efficacy of bupropion as an antidepressant or smoking cessation therapy. It was suggested that (S,S)-hydroxybupropion may be a better candidate for Stereoselective bupropion hydroxylation may also have implications for the use of bupropion as an in vivo CYP2B6 phenotypic probe. Various metrics of racemic bupropion metabolism have been used as probes for CYP2B6, including plasma bupropion clearance and area under the curve of concentration vs time (AUC), plasma hydroxybupropion maximum concentration and AUC, and plasma hydroxybupropion/bupropion AUC ratios (4, 22, 27, 28) . These metrics have variable sensitivities and specificities. Racemic hydroxybupropion AUC and maximum concentration variably reflect CYP2B6 induction and inhibition (4, 22, 27) , and data are less robust for genetic polymorphisms (28) . The plasma AUC ratio of hydroxybupropion to bupropion is confounded because hydroxybupropion is elimination-rate rather than formation-rate limited (metabolite half-life exceeds that of the parent; 1). Bupropion indices are less sensitive, because hydroxylation is only a minor metabolic pathway for bupropion (less than 4% of the dose recovered in urine; 1,36). Thus CYP2B6 induction or inhibition may not affect bupropion disposition (4, 27) , and measurement of parent concentrations alone for CYP2B6 phenotyping has been cautioned against (27) . In contrast, clinical disposition of bupropion and hydroxybupropion enantiomers differs from that of the racemate, and responds more selectively to CYP2B6 modulation, suggesting that stereoselective bupropion hydroxylation may afford an improved in vivo phenotypic probe for CYP2B6 activity (37) .
CONCLUSION
Recombinant and human liver microsomal CYP2B6-catalyzed hydroxylation of racemic bupropion is stereoselective. Stereoselective bupropion hydroxylation may have implications for the therapeutic efficacy of bupropion as an antidepressant or smoking cessation therapy, and for the use of bupropion as an in vivo phenotypic probe for CYP2B6 activity. 
